INTRODUCTION
To understand the nature of BIV and its pathogenesis in infected animals, an important approach is to study Bovine immunodeficiency virus (BIV), a member of the viral host range and tissue and cell tropisms. Experithe lentivirus subgroup of the retrovirus family, exhibits mental infections with a BIV isolate (R-29) have been morphologic, serologic, and genetic similarities to huestablished successfully in a variety of hosts including man immunodeficiency virus and other lentiviruses, e.g., cattle, sheep, goat, rabbit, and guinea pigs by different equine infectious anemia virus (Gonda et al., 1987) . The groups (Carpenter et al., 1992; Pifat et al., 1992 ; Whetfirst BIV strain (R-29) was isolated from a dairy cow with stone et al., 1991; VanDerMaaten and Whetstone, 1992; persistent lymphocytosis, lymphadenopathy, central Gonda, 1992) , although it is believed that the host range nervous system lesions, and progressive emaciation of lentiviruses normally is restricted to the natural host (VanDerMaaten et al., 1972) . Experimental infection with and/or closely related species (Haase, 1986 ; Morrow et tissue culture-propagated BIV has been associated with al., 1987) . The in vitro tropism of BIV is also quite broad. a mild, persistent lymphocytosis and lymphadenopathy BIV can replicate in fibroblast-like cells and cause cyto- (Carpenter et al., 1992) . Changes in the ratios of lymphopathic effects, such as syncytia and cell death. Produccyte subpopulations and the function of lymphocytes tive infection has been established in primary cultures and neutrophils also were observed in BIV-infected of embryonic bovine spleen, lung, brain, testes, thymus, calves (Flaming et al., 1993; Gonda et al., 1987;  Martin kidney, and a few other tissues (Gonda et al., 1987) . Zhang et al., 1997) . Serological surveys addition, canine thymus (Cf2Th), embryonic rabbit epitheshowed that BIV infection is worldwide and unevenly lium (EREp), and various other bovine cell lines are perdistributed in the United States, with an incidence as missive to BIV (Gonda et al., 1990; Gonda, 1992) . Most high as 60% in some cattle populations (Ambroski et lentiviruses replicate primarily in, and cause chronic inal., 1989; Cockerell et al., 1992; Horner, 1991 ; Horzinek fection of, immune system cells, and the usual targets et McNab et al., 1994; St. Cyr Coats et al., are monocytes/macrophages and lymphocytes (Haase, 1994; Gonda et al., 1994 Gonda et al., ). 1986 Gartner and Poporic, 1990; Gendelman et al., 1989) . A broad BIV tissue distribution in experimentally infected rabbits was demonstrated by polymerase chain reaction tropisms of BIV in cattle are not clear, even though some of buffer B (10 mM Tris, pH 8.3, 2.5 mM MgCl 2 , 1% NP-40, and 120 ml/ml proteinase K) was added to the tissue evidence implies that the virus targets immune cells, most likely the monocyte/macrophage (Carpenter et al., suspension followed by incubations in a 60Њ water bath for 1 hr and at 95Њ for 10 min. After digestion, the tissue 1992; Onuma et al., 1992; Pifat et al., 1992) .
Because of low viral load in infected bovine tissues samples were extracted twice with an equal volume of phenol:chloroform:isoamyl alcohol (25:24:1) solution. during the BIV infection, viral genomic RNA, proviral DNA, and proteins are difficult to detect by direct in situ hybrid-DNA was precipitated by adding 0.1 vol of 3 M sodium acetate and an equal volume of isopropanol, washed ization and immunohistochemistry (Carpenter et al., 1992; Pifat et al., 1992) . In this study, in situ PCR followed by with 70% ethanol, and suspended in 100 ml of distilled water. DNA concentration and purity were checked by a in situ hybridization called PCR in situ hybridization (PCR-ISH) was used to detect minute quantities of BIV proviral spectrophotometer and agarose gel electrophoresis. DNA in infected bovine tissues. The combination of those two techniques enabled us to pinpoint a small number SP-PCR of BIV proviral DNA copies in different tissue sections and subsequently correlate the DNA amplification sigTo amplify BIV proviral DNA, primers were synthesized that were specific to a conserved region of the BIV pol nals to specific cells in the tissues.
gene. Primer BRT 4.1 corresponded to BIV-127 nts 2257-2275 (this and all subsequent numbering according to MATERIALS AND METHODS the scheme of Garvey et al., 1990) and had the sequence Animal infection and tissue sample collection 5-ATGCTAATGGATTTTAGGGA-3. Primer BRT3.1 corresponded to BIV-127 nts 2497-2478 and had the seFifteen calves, 7-9 months old, were selected for BIV quence 5-CATCCTTGTGGTAGAACATT-3. SP-PCR was experimental infection. They were free of antibodies to performed in 50-ml reactions containing 50 mM KCl, 10 bovine leukemia virus, bovine viral diarrhea virus (BVDV), mM Tris-HCl, pH 8.3, 2.0 mM MgCl 2 , 1.0 mM concentrabovine herpesvirus type-1, and BIV. Fetal bovine lung tions of each dNTP, 1 mM concentrations of each primer, cells for BIV propagation were tested by immunofluores-1 ng/ml of DNA template, and 0.025 U/ml of AmpliTaq cent assay with specific antibody to BVDV and they were DNA polymerase (Perkin-Elmer, Branchburg, NJ). Provifree of BVDV. Ten calves were randomly selected and ral DNA amplification was initiated by the ''hot start'' inoculated intravenously with 2.5 1 10 7 BIV (strain R-29)-method using a kit from Perkin-Elmer (Branchburg, NJ) infected fetal bovine lung cells. Five were inoculated with (Chou et al., 1992) . Subsequently, the DNA was amplified fetal bovine lung cells only as negative controls. After for 30 cycles using the following thermal regimen: 95Њ inoculation, the calves were housed in isolated locations for 1 min, 55Њ for 1 min, and 72Њ for 2 min. This was and monitored for BIV infection by virus isolation and followed by a 10-min incubation at 72Њ to permit DNA solution-phase PCR (SP-PCR). The immune responses in extension. The PCR products were analyzed by 1% agathose calves were measured by Western blot assay. One rose gel electrophoresis. year after infection, the animals were sacrificed, and tisFor quantitation and standardization of tissue sample sues were removed under sterile conditions. One set of DNA, the bovine actin gene was amplified as an internal tissues was frozen immediately for DNA extraction, and positive control using primers Bactin1 (5-AGAAGCTGTanother set of tissues was fixed in 10% buffered neutral GCTACGTCGC-3) and Bactin2 (5-CCAGACAGCACTformalin for histological examination and in situ analysis GTGTTGG-3) (Suarez et al., 1995) . DNA samples from for BIV infection. The collected tissues were cerebrum; some tissues were amplified with both BIV pol gene and cerebellum; spinal cord; trigeminal ganglion; lung; bovine actin gene primers in the same reactions. To test esophagus; heart; liver; pancreas; adrenal gland; kidney; the sensitivity of SP-PCR, the purified BIV pol gene segabomasum; spleen; hemal nodes; tonsil; Peyer's patches; ment (BIV-127, nts 2247-2497) cloned in pGEM-T vector thymus; and prescapular, submaxillary, mesenteric, and (Promega, Madison, WI) was 10-fold serially diluted and inguinal lymph nodes.
used as a DNA template for SP-PCR. In another experiment, Madin-Darby bovine kidney (MDBK) cell genomic DNA preparation from tissues for SP-PCR DNA was prepared as described by Sambrook et al. (1989) and 1 mg of the DNA was mixed with each dilution Each of the frozen bovine tissues (about 50 mg) was cut into small pieces and washed thoroughly three times of BIV DNA and used as a template in SP-PCR in order to estimate the effect of tissue DNA on SP-PCR. with PBS (pH 7.2, 0.02 M). The tissues were frozen quickly in liquid nitrogen and blended in a sterilized stainlessTo prevent problems with PCR product carryover, DNA template preparation, PCR set-up, PCR amplification, and steel cup in a tissue blender (Fisher, St. Louis, MO) at 2000 rpm for 30 sec or until the tissue was ground to PCR product analysis were performed in different laboratory rooms. Gloves and aerosol-resistant pipette tips powder. The tissue powder was suspended in 400 ml of extraction buffer A (100 mM KCl, 10 mM Tris, pH 8.3, and (Molecular Bio-Products, Inc. San Diego, CA) always were used during PCR processes. 2.5 mM MgCl 2 ) to form a milky solution. An equal volume
Southern hybridization
were covered again with glass coverslips, sealed with nail polish and silicon grease, denatured at 95Њ for 5 min, PCR-amplified DNA was electrophoresed on 1% agaand incubated at 42Њ overnight. rose gel and transferred to a PVDF-plus membrane (MSI, Streptavidin-gold and silver staining. After in situ hyWestboro, MA) by standard blotting techniques (Sambridization, coverslips were removed, and the slides brook et al., 1989) . DNA was fixed onto the membrane were rinsed three times with 21 SSC for 5 min and once by baking at 80Њ for 2 hr. A specific probe of the BIV pol with Au-PBS containing 10 mM phosphate buffer with gene segment (BIV-127, nts 2256-2497) was prepared 150 mM NaCl, pH 7.6, 0.8% bovine serum albumin (BSA) by random priming using [a- 32 P]dATP (sp act 1000 Ci/ fraction V, and 0.1% cold-water-fish skin gelatin. They mmol, New England Nuclear, Boston, MA) and a Readywere blocked with 5% BSA in Au-PBS for 30 min at room To-Go DNA labeling kit from Pharmacia Biotech (Alatemperature, followed by an incubation with 1:100 diluted meda, CA). The membrane was prehybridized in 61 SSC, streptavidin-gold (1.4 nm ultrosmall, Electron Micros-21 Denhart's solution, 0.1% SDS, and 0.2 mg/ml denacopy Sciences, Washington, PA) for another 2 hr. The tured salmon DNA for 3 hr and then hybridized with the sections were washed five times with Au-PBS and three labeled probe at 62Њ overnight. The membranes were times with PBS. The gold particles bound on the sections washed with decreasingly stringent solutions as dewere amplified by incubating with silver reagents from a scribed (Sambrook et al., 1989) and exposed to Kodak silver enhancement kit (Amersham Life Science, Arling-X-ray film.
ton Heights, IL) for 12 min at room temperature. Excess silver reagents were removed by washing five times with PCR-ISH distilled water for 5 min. Finally, the tissue sections were counterstained with hematoxylin and eosin. The stained Tissue preparation and in situ PCR. In situ PCR was carried out using a previously described method with tissue sections were examined microscopically using bright-field phase-contrast illumination. To identify the modifications (Bagasra et al., 1992) . Six-micrometer tissue sections from BIV-infected and uninfected calves were PCR-ISH-positive cell types in the tested tissues, especially for neural tissues, in addition to hematoxylin and prepared on slides treated with Vectabond reagent (Vector, Burlingane, CA). The sections were deparaffinized in eosin staining, other specific staining methods, such as Cresyl fast violet staining for neurons (appears purplexylene twice for 5 min each and successively rehydrated with ethanol. The tissue sections were stabilized on the blue in tissue section) and Penfield's microglia staining method for microglial cells (appears dark gray), were also slides by heating at 105Њ for 90 sec on a heat block. Tissue sections were treated with proteinase K (6 mg/ml, Sigma employed on the adjacent tissue sections (Gox, 1977) .
To demonstrate the specificity of PCR-ISH, the proceChemical Co., St. Louis, MO) for 6 to 20 min at room temperature followed by heating to 95Њ for 2 min to inactidure was always carried out on tissues from BIV-infected and BIV-negative animals. In addition, tissue secvate the enzyme. After the sections were rinsed with PBS and distilled water, 30 ml of PCR solution, with optimized tions from BIV-infected and uninfected calves were analyzed under the following conditions: removal of Taq  concentrations of Mg   2/ , primers, and Taq polymerase, was layered onto them. The sections were covered with polymerase or primers, substitution of BIV pol gene primers with an equivalent of BIV env primers, and omisglass coverslips and sealed with nail polish followed by silicon grease, taking care to ensure that no air bubbles sion of in situ hybridization steps or hybridization with unrelated probes. occurred under the coverslip and that nail polish did not seep into the reaction mix. PCR amplification was carried out in a BioOven III Thermal Cycler (BioTherm Corp., Ar-RESULTS lington, VA) in two steps: first, denaturation at 95Њ for 5 BIV infection min and then amplification for 30 cycles at 95Њ for 1 min, 55Њ for 1 min, and 72Њ for 2 min.
Following BIV inoculation, all the calves remained clinically normal throughout the experiment. No hematological In situ hybridization. After amplification, the coverslips were removed by soaking the slides in 95% ethanol for value outside the normal range was observed when total and differential white blood cells were counted. A specific 3 min followed by 41 SSC for 3 min, and the tissue sections were heated on a heat block at 96Њ for 1 min antibody to BIV gag protein was detected by Western blot assay in BIV-infected calves. Immunological evaluation of to immobilize the PCR products on the slides. Fifty microliters of hybridization solution (21 SSC, 101 Denhardt's those calves revealed an immune dysfunction and immune suppression, which was indicated by a decreased solution, 0.1% SDS, 1 mg of sonicated salmon sperm DNA, and 50 pg of biotinylated DNA probe) was added CD4:CD8 lymphocyte ratio after BIV inoculation and delayed and lower antibody responses to bovine herpesvirus to each slide. An internal (30mer) DNA probe to the PCRamplified BIV pol gene, 5-AGGAATGTGAACACTTAAtype-1 inoculation and BVDV vaccine injection in BIV-infected calves (Zhang et al., 1997) . Three weeks after BIV CTGCAATAGATA-3 (BIV-127, nts 2339-2369), was labeled with biotin at both ends and one internal site (Syninoculation, the virus could be isolated from PBMCs by cocultivation with fetal bovine lung cells in the infected thetic Genetics, San Diego, CA). The tissue sections tissues and some lymphoid tissues, including cerebrum, cerebellum, spinal cord, trigeminal ganglion, hemal node, and prescapular lymph node in the infected calves. It also was found frequently in other tissues, such as lung, esophagus, peripheral lymphocytes, and heart. A few calves gave positive reaction for BIV proviral DNA in the pancreas, liver, thymus, spleen, tonsil, inguinal lymph nodes, and Peyer's patches. BIV proviral DNA was not detected from the abomasum, kidney, adrenal gland, or mesenteric and submaxillary lymph nodes.
Amplification and detection of BIV proviral DNA by PCR-ISH
In PCR-ISH, optimal conditions for tissue section treat- FIG. 1 . Sensitivity of the SP-PCR. PCR was performed using the ment, in situ PCR amplification, in situ hybridization, and purified BIV pol gene segment DNA as a template, which was 10-fold diluted from 1 1 10 02 to 1 1 10 09 ng (lanes 2-9). PCR aliquots (5 ml) signal detection were determined on serial tissue secwere electrophoresed on 1.2% agarose gels. This figure shows PCRs tions. The optimal time for tissue digestion with proteinase performed with BIV proviral DNA in the absence (top) and in the pres-K (6 mg/ ml) ranged from 6 to 20 min for different tissues.
ence (bottom) of 1 mg of MDBK cell genomic DNA. Sizes of PCR prodCellular morphology was damaged seriously by prolonged ucts were determined using a 123-bp DNA ladder in lane 1.
digestion (more than 20 min), and detection sensitivity decreased, presumably due to diffusion. The optimal final calves but not in control calves (data not presented). BIV concentrations of Mg 2/ , primers, and Taq polymerase for proviral DNA also was amplified in PBMCs by SP-PCR in situ PCR amplification were 3.5 mM, 2.5 mM, and 4 U/ in the infected calves, indicating that BIV infection was 30 ml, respectively. At 42Њ, the biotinylated probe could established successfully in those calves.
hybridize with amplified PCR products efficiently and specifically. Streptavidin-gold at 1:100 dilution gave a maxiSensitivity of SP-PCR mal signal with the least background. PCR-ISH was performed under different combinations of control conditions. Figure 1 shows that SP-PCR with designed primers Each of those control conditions for PCR-ISH was recould detect 10 09 ng of BIV proviral DNA, which was peated at least three times on different serial tissue secestimated to correspond to two molecules of the BIV tions and the results in all of the tissues confirmed the pol gene segment. There was no signal detected in the specificity of the tests as shown in Table 2 . reaction without BIV DNA template. The presence of 1 PCR-ISH was performed on the tissue sections of three mg of MDBK cell genomic DNA in each reaction had BIV-infected and two uninfected calves. The positive reno (or minimal) effect on PCR-specific amplification. To standardize the DNA samples extracted from bovine tissues, bovine actin gene was used as an internal positive control in the PCR. Figure 2 shows that a uniform PCR product of 370 bp was amplified from bovine tissue DNA samples of all the calves including uninfected calves, indicating that prepared DNA was suitable for PCR amplification. BIV gene products were detected only in BIVinfected calves, suggesting that SP-PCR could specifically detect BIV proviral DNA. The negative results in BIV-infected and uninfected calves indicate that no BIV proviral DNA could be detected in those tissues.
Detection of BIV proviral DNA by SP-PCR in bovine tissues
BIV proviral DNA detection by SP-PCR was performed on all the tissues of BIV-infected and uninfected calves. pol gene product was detected consistently from neural actions appeared as darkly stained grains overlying spe-DISCUSSION cific cells under bright-field phase-contrast illumination.
BIV, like other retroviruses, replicates via a DNA interIn neural tissues including cerebrum, cerebellum, spinal mediate during a phase of its life cycle, and proviral DNA cord, and trigeminal ganglion, BIV proviral DNA was amintegrates into the host cell chromosome and becomes plified in neurons and microglial cells (Fig. 3A) . Endothea permanent part of the cell (Gonda, 1992) . Once a latent lial cells in blood vessels of brains also were infected infection is established in animals, the proviral DNA can by BIV (data not shown). In the lymphoid system, BIV be demonstrated consistently. PCR is probably the best proviral DNA signals were demonstrated from lymphocandidate for detection of BIV infection and quantitation cytes in the cortex and paracortex regions of prescapular of virus load in infected calf tissues, especially when lymph nodes (Fig. 3B ) and white pulp of spleen (data not virus isolation is difficult (Nadin-Davis et al., 1993; Suarez shown) . A few lymphocytes in hemal nodes, PBMCs (data et al., 1995) . The major limitation of the SP-PCR technique not shown), and tonsils (Fig. 3C) showed positive staining is the inability to visualize the amplified products within for BIV proviral DNA. Positive signals also were detected cells and tissue specimens, which makes this technique from smooth muscle cells in trabeculae of spleens (Fig.  3D ) and blood vessels of prescapular lymph nodes (Fig.  3E) . No specific signals were detected from other 
The results of BIV proviral DNA detection in tissues by
probe, and PCR-ISH in three BIV-infected calves are com- Table 3 . the detection limit of biotinylated probes in combination experiments, we observed that some tissues were positive in SP-PCR but negative in PCR-ISH, such as thymus, with straptavidin-gold has been estimated at much less than 20 copies of DNA (Zehbe et al., 1992) . In this study, esophagus, heart, pancreas, and liver. The positive rates of SP-PCR and PCR-ISH appeared different in some tiscoupling of PCR-mediated amplification of specific virus sequence with in situ hybridization was used for the first sues, such as spleens and tonsils (Table 3) . It is possible that the specificity of SP-PCR is affected by the contaminatime to study BIV infection in bovine tissues. This technique enabled us to detect minute amounts of BIV DNA tion of BIV-infected cells, especially blood cells, in the target tissues during DNA sample preparation, which may in the infected bovine tissues and to subsequently correlate the DNA amplification signals to particular cell types.
lead to false-positive results in some tissues. In addition to the reasons mentioned above, there are number of Undoubtedly, a major advantage of the PCR technique is its sensitivity. With SP-PCR, as few as two copies of factors that could affect the sensitivity of PCR-ISH. The physical attributes of the tissue being examined could BIV proviral DNA in the samples can be detected easily by 30 cycles of amplification, even if a large quantity of affect the sensitivity and efficiency of the test. Moreover, lingering fixative-DNA or DNA-histone protein interactissue DNA is present. However, the sensitivity and efficiency of PCR-ISH on tissue sections may depend on tions in the cells could block the progression of Taq polymerase along the target DNA template (O'Leary et al., many factors, including variation of tissue types, conditions of proteinase K digestion, PCR conditions and prod-1996) . Another study showed that patchy amplification in PCR in situ hybridization, caused by uneven digestion duruct diffusion during the amplification, the probe used for in situ hybridization, and the sensitivity of the detection ing the cell permeabilization, could reduce amplification efficiency by 50 to 70% (O'Leary et al., 1994) . Furthermore, system. In this study, we noted that the time required for tissue digestion varied from tissue to tissue; e.g., for during tissue processing, the target DNA sequence may be lost or truncated from individual cells during cutting, cerebrum, cerebellum, and most other tissues, 6 to 10 min are optimal, whereas for lungs, tonsils, and lymph nodes, causing a negative result in the test. In order to increase the sensitivity of the PCR-ISH detec-15-20 min are necessary. Although PCR-ISH is a very sensitive test, it may not always be as sensitive as SPtion system, a 30-nucleotide probe labeled with biotin at three sites coupled with a streptavidin-gold and silver PCR even when conditions are optimized carefully. In our enhancement technique was used for in situ hybridization brum, cerebellum, and spinal cord of the BIV-infected cattle (Snider et al., 1996) . In the early study, in which after PCR amplification. Nonradioactive labeled probes, used in many in situ molecular biological methods, posthe first BIV isolate was obtained from a 9-year-old cow, similar central nervous system lesions were found in the sess considerable advantages over radioisotope-labeled probes, including the avoidance of hazardous radioactivity affected cattle. Both detection of BIV proviral DNA and observation of pathological lesions in neural tissues indiand short half-life, improved resolution, and lower cost (Brigati et al., 1983; Giaid et al., 1989; Loning et al., 1987) .
cated that BIV is similar to visna virus and some strains of human immunodeficiency virus with a strong neurotroUltrasmall (1.4-nm) gold particles covalently bound to streptavidin permit excellent penetration, especially into pism (Narayan and Clements, 1989) . the nucleus (Takizawa and Robinson, 1994) , and provide an ideal tool for detecting PCR-amplified product inside ACKNOWLEDGMENT the cells. With silver enhancement, a shell of metallic silver This work was supported in part by Public Health Service Grant R01 was deposited on the surface of the gold particles, thereby CA62810 from the National Institutes of Health.
increasing their sizes, which resulted in a dark gray or black precipitate on relevant sites visible by light micros-REFERENCES copy. The streptavidin-gold and silver staining system is less sensitive to light than other developers and, thus, be counterstained with hematoxylin and eosin, which gave Bagasra, O., Hauptman, S. P., Lischner, H. W., Sachs, M., and Pomera good resolution and clear contrast.
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with lymphocytes was commonly observed in the cere-
